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Potentially realistic string models often contain additional abelian gauge factors besides the standard model
group. The consequences of such extended gauge structure are manifold both for theory and phenomenology as
I show focussing in the simplest case of just one additional non-anomalous U(1)′. First, I discuss the possible
symmetry breaking patterns according to the scale at which the U(1)′ symmetry gets broken: in the first case,
that scale must be below ∼ 1 TeV to avoid fine-tuning; in the second case, the breaking can take place along a
flat direction at an intermediate scale between the string scale and the electroweak scale. In both cases, I present
a number of the generic implications expected, e.g. for the µ problem, Z′ and Higgs physics, dark matter and
fermion masses.
1. INTRODUCTION
Many string models predict a gauge group at
the string scale which contains, besides the stan-
dard model group GSM = SU(3)C × SU(2)L ×
U(1)Y , extra U(1) gauge factors. In this talk, I
will examine the generic phenomenological and
theoretical implications of this type of scenar-
ios. For simplicity, I limit the analysis to one
extra non-anomalous U(1)′. This is the simplest
gauge extension of the SM one can consider and
the phenomenology of particular Z ′ models has
been studied extensively. Here, no attempt is
made at building a concrete realistic string model
but rather at exploring the generic implications of
string inspired Z ′ models. As we shall see, such
simple extended models can have manifold impli-
cations for, among others, the µ-problem, Higgs
physics, exotic matter, fermion masses, dark mat-
ter, the spectrum of superpartners and cosmol-
ogy. I will describe some of these implications in
two different scenarios which can be distinguished
by the scale of U(1)′ breaking. For more details
the reader is directed to refs. [1–4].
Let me be more specific about the string in-
put in the analysis. I will consider a class of
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specific string vacua: orbifold models [5,6] with
Wilson lines, in particular, models based on the
free-fermionic construction (at special points of
moduli space) [7–10]. I then assume:
• N=1 Supersymmetry
• The (visible sector) gauge group at
Mstring(≃ 5 × 1017 GeV ) is GSM × U(1)′,
where the extra abelian factor has no
anomaly.
• The matter content is that of the Minimal
Supersymmetric Standard Model (MSSM)
plus some number of SM singlets, Si, which
carry U(1)′ charges Qi, plus some exotics
(generally transforming non-trivially under
GSM ). Both singlets and exotics appear
generically in string models and can play an
important role in breaking the U(1)′ sym-
metry.
• The gauge couplings g3, g2, g1, g′1 (for
SU(3)C , SU(2)L, U(1)Y and U(1)
′ respec-
tively, with proper normalization for g1 and
g′1 [2]) unify at Mstring. This unification
works only at the 10−15% level in the sim-
plest models (in which the couplings meet
at a scale below Mstring). The small nu-
merical inconsistency that results does not
affect the generic predictions of these mod-
els that I will present.
2• Supersymmetry breaking, the main uncer-
tainty in extracting phenomenological con-
sequences from string models, is parameter-
ized by soft masses for scalars and gauginos
and by trilinear masses associated to super-
potential terms. Naturalness requires these
masses (which I denote in general by msoft)
to be of the order of the electroweak scale.
• No bilinear mass terms are present in the
superpotential and the Yukawa couplings at
Mstring are either zero or related to the uni-
fied gauge coupling g0 by
√
2 factors (typi-
cally ∼ g0
√
2, g0 or g0/
√
2 in the fermionic
Z2 × Z2 orbifold constructions).
For fixed values of the parameters at the string
scale one can address, by a renormalization group
analysis (with the chosen parameters as boundary
conditions) what are the low-energy implications
typical of these scenarios.
2. RADIATIVE BREAKING OF U(1)′
To have an acceptable model, the extra U(1)′
gauge factor has to be broken at low energies.
Generically, this breaking is achieved radiatively
(in a way which parallels electroweak radiative
breaking in the MSSM [11]) when the soft mass
squared m2S of some singlet S [charged under
U(1)′] is driven to negative values in the infrared
(an alternate breaking mechanism is discussed in
the next section). This causes an instability of the
potential for 〈S〉 = 0, and S acquires a non-zero
vacuum expectation value (VEV) thus breaking
the U(1)′. The value of 〈S〉, and thus the break-
ing scale, is fixed by quartic D terms [from U(1)′]
in the potential for the field S (alternatively there
may be also quartic F -terms),
V (S) = m2SS
2 +
1
2
g′1
2
Q2SS
4, (1)
giving g′〈S〉 ∼ |mS |.
If the two Higgs doublets H1, H2 are charged
under U(1)′ (the interesting case) electroweak
breaking is influenced at tree-level by the break-
ing of U(1)′. In order to have a natural elec-
troweak breaking scale (or equivalently, to avoid
fine tuning the soft masses), the U(1)′ break-
ing scale cannot be much larger than O(1) TeV .
Thus, we see that the Z ′ models derived from
strings naturally predict MZ′ <∼ O(1) TeV [1].
One exception to this generic result [besides the
trivial one of having the U(1)′ decoupled from the
electroweak Higgs sector] occurs if the U(1)′ is
broken radiatively along a flat direction. For ex-
ample, if the model contains two SM singlets S1,2
with opposite U(1)′ charges, the field direction
S ≡ S1 = S2 is D-flat and (assuming also F -
flatness) the tree-level potential V (S) = −m2SS2
has no quartic coupling and is unstable. Eventu-
ally, the potential gets stabilized at very large val-
ues of the field S due to radiative corrections [the
most important of which are encoded in the run-
ning mass m2S(S)] or by non-renormalizable op-
erators (NROs) which can no longer be neglected
for such large field values. In both cases the U(1)′
breaking scale is much larger than the electroweak
scale (e.g. 1012 GeV ). This is one example of an
intermediate scale being generated in string mod-
els [12]. Still, these scenarios have also many im-
plications for the low-energy effective theory. In
the rest of the talk I will discuss separately the
two general classes of scenarios just described: I)
Z ′ below the TeV scale [2] and II) intermediate
scale Z ′ [3]. For other related discussions in the
literature see [13].
3. Z ′ BELOW THE TeV SCALE
Let us consider the simplest case, which re-
quires the presence of just one singlet S to give
a correct symmetry breaking pattern. We fur-
ther assume that the U(1)′ charge asignments of
S and the two Higgs doublets H1,2 are such that
the superpotential contains a term
W = hsSH1 ·H2, (2)
and thus QS + Q1 + Q2 = 0. After symme-
try breaking, 〈S〉 = s/√2, 〈H01 〉 = v1/
√
2 and
〈H02 〉 = v2/
√
2, the gauge group gets broken down
to U(1)em with
M2W =
1
4
g22(v
2
1 + v
2
2), (3)
from which v2 ≡ v21 + v22 = (246 GeV )2, and
M2Z−Z′ =
(
M2Z ∆
2
∆2 M2Z′
)
, (4)
3where
M2Z =
1
4
G2(v21 + v
2
2), (5)
M2Z′ = g
′2
1(v
2
1Q
2
1 + v
2
2Q
2
2 + s
2Q2S), (6)
∆2 =
1
2
g′1G(v
2
1Q1 − v22Q2). (7)
Here we use G2 = g22 + g
2
Y = g
2
2 + 3g
2
1/5.
From Eqs. (4) and (7) we see that it is pos-
sible to accomodate a very small Z − Z ′ mixing
angle (the experimental upper bound is O(10−3)
in typical models [14]) due to a cancellation in
the off-diagonal term ∆2 for a particular value of
tanβ ≡ v2/v1 ∼
√
|Q1/Q2|. The presence of the
singlet VEV s, on the other hand, helps in giving
to Z ′ a sufficiently large mass to evade collider
constraints [19]. In ref. [2] two phenomenologi-
cally viable scenarios were identified:
• (a) A-driven scenario. Symmetry break-
ing is driven by a large value of the tri-
linear soft mass associated to the superpo-
tential term (2) [this is similar to SU(3)C
color breaking in the MSSM for large val-
ues of AQ, the trilinear coupling associated
to the quark Yukawa couplings], that is,
A ≫ M1/2,m0, where M1/2 represents a
typical gaugino mass and m0 a scalar soft
mass. In this scenario, the minimum of
the potential has v1 ≃ v2 ≃ s. This is
shown in figure 1, where the adimensional
ratio fi = vi/m0 is plotted as a function
of cA = A/m0 in some particular exam-
ple. For Q1 = Q2, values of tanβ close to 1
would give a small enough mixing angle.
• (b) Large s scenario. (s ≫ v1, v2)
This case corresponds to a hierarchy in the
masses MZ′ ≫MZ . The electroweak scale,
as represented by MZ , is light due to ac-
cidental cancellations among soft masses,
which are typically of the order MZ′ . To
avoid fine-tuning, MZ′ cannot be much
larger than O(1 TeV ) as we already dis-
cussed before.
3.1. Soft Masses at Mstring
One can then proceed to determine what pat-
tern of soft supersymmetry breaking terms at the
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Figure 1. cA dependence of the dimensionless field VEVs
for the A-driven scenario with hs = 0.7 and Q1 = Q2 =
−1.
string scale will lead, via RG evolution, to the two
low-energy acceptable scenarios described previ-
ously.
With the minimal particle content (MSSM +
singlet) it is not possible to achieve the cor-
rect symmetry breaking if universal boundary
conditions for the soft masses at Mstring are
used. Both scenarios, (a) and (b), can however
be reached with non-universal boundary condi-
tions. The allowed parameter space is somewhat
constrained and typically corresponds to gaugino
masses much smaller than the scalar masses.
It is easier to have an acceptable symmetry
breaking pattern in the presence of exotics, in
particular if the singlet S has couplings to them
of the form
W = hESE1E2. (8)
The large value of the Yukawa coupling hE (∼
4g0) triggers easily U(1)
′ breaking and the large s
scenario [(b)] can be reached even with universal
soft masses. The large A scenario [(a)] is more
constrained and some degree of nonuniversality
is required.
3.2. The µ-problem
In the presence of the superpotential term
hsSH1 ·H2, the µ term of the MSSM Higgs po-
tential is generated dynamically by the VEV of
the singlet S as
µeff = hs〈S〉. (9)
As discussed before, 〈S〉 lies at the electroweak
scale, so that µeff is of the correct order of
magnitude to give a proper electroweak break-
ing [the same mechanism generates a B term
∼ hs〈S〉A∼ msoft]. This solves the µ problem
[15] of the MSSM (where µ is a SUSY parameter
which does not know about the electroweak scale
and has to be set of that order by hand).
This solution to the µ problem is similar in
spirit to the mechanism in the Next to Minimal
Supersymmetric Standard Model (NMSSM) [16]
in which the MSSM is extended by a chiral sin-
glet but no additional U(1) gauge symmetry is
present. The advantage of having a U(1)′ present
is that there is no cosmological problem with the
formation of domain walls after symmetry break-
ing: the discrete Z3 symmetry of the NMSSM re-
sponsible for the domains is embedded in U(1)′.
This solution is complementary to the Giudice-
Masiero mechanism [17], in the sense that the
U(1)′ symmetry would forbid a H1H2 term in
the Ka¨hler potential, which is in the basis of that
mechanism.
The two scenarios (a) and (b) would correspond
to a small and large µeff respectively. In the first
scenario (A dominated) light charginos and neu-
tralinos are expected, with obvious implications
for LEP II searches [20].
3.3. Higgs Physics
The (CP conserving) Higgs sector contains two
doublets H1, H2 and one singlet S making up a
total of 10 degrees of freedom. After spontaneous
symmetry breaking, 4 d.o.f. are eaten by the lon-
gitudinal components of Z, Z ′ and W±. The 6
d.o.f. left appear as physical Higgs bosons: three
(CP even) scalarsH0i , one (CP odd) pseudoscalar
A0 and one charged pair H±. That is, the model
contains just one scalar more than in the MSSM.
The pattern of Higgs masses is very different in
the two scenarios (a) and (b):
In the A-dominated scenario, all Higgs masses
are controlled by one single mass scale v and three
adimensional parameters: hs, g
′
1 and Q1. The
spectrum is therefore light, although all Higgses
can still evade detection at LEP II. One typical
example, for hs = 0.7, g
′
1
2
= (5/3)G2 sin2 θW and
Q1 = −1, hasmH± = 146GeV , mA0 = 211GeV ,
mH0
3
= 230 GeV , mH0
2
= 152 GeV and mH0
1
=
122 GeV (tree-level masses).
In the large s scenario there are three mass
scales in the Higgs spectrum. Typically mH0
3
≃
MZ′ (with H
0
3 singlet dominated), mA0 ≫ MZ ,
with (H02 , A
0;H±) forming a nearly degenerate
doublet decoupled from electroweak symmetry
breaking, and H01 remains at the electroweak
scale.
An upper bound on the tree-level mass of H01
can be easily obtained as
m2H0
1
≤M2Z cos2 2β+
1
2
h2sv
2 sin2 2β+g′
2
1Q
2
Hv
2,(10)
with QH = Q1 cos
2 β +Q2 sin
2 β. The first term
in Eq. (10), coming from SU(2)L × U(1)Y D-
terms, is the MSSM piece. The second, from F -
terms, appears also in the NMSSM but the third
piece, from U(1)′ D-terms, is a particular fea-
ture of this type of models [21–23]. More refined
bounds can be obtained under extra assumptions
for the parameters of the model (see [2]). This
tree-level bound can be very large; 170 GeV is a
typical example (it is usually forgotten that the
bound ∼ 150 GeV for any perturbative SUSY
model [23] applies only if the gauge sector is not
extended) so that H01 can easily evade detection
at LEP II.
3.4. Superpartner Spectrum
The spectrum of superpartners is also typically
light for the A-dominated scenario (with all par-
ticles expected to lie at the electroweak breaking
scale) while in the large s scenario soft masses are
generically larger, giving a decoupled SUSY mass
5pattern.
There is, however, an extra effect associated
with U(1)′ D-term contributions to the masses.
The squared mass of any scalar φi (with U(1)
′
charge Qi) is shifted by the amount
δm2i =
1
2
g′
2
1Qi(Q1v
2
1 +Q2v
2
2 +QSs
2). (11)
This can be a sizable effect that can cause some
superpartner to be lighter. In general, the mass
sum-rules that can be derived in particular mod-
els will be violated by these contributions, leav-
ing a characteristic imprint in the mass spectrum
[24].
3.5. Dark Matter
The neutralino sector in these models is com-
posed of B˜, W˜3, H˜
0
1 , H˜
0
2 plus B˜
′ and S˜. In
most of the parameter space the LSP (which
is the natural candidate for dark matter when
R-parity is conserved) is the lightest neutralino
with composition dominated by B˜. However, in
some regions of parameter space (with large s and
large gaugino masses) the lightest neutralino is S˜-
dominated making an atypical dark matter can-
didate [25] with interesting rates for direct detec-
tion (∼ 10−2 events/kg/day in 73Ge detectors).
4. INTERMEDIATE SCALE Z ′
In this case, at least two SM singlets, S1, S2,
with Q1Q2 < 0 are required. Calling S the flat
direction determined by the condition |Q1|S21 =
|Q2|S22 (we assume also F -flatness along S) the
renormalization-group improved potential for S
is simply
V (S) = m2S(S)S
2. (12)
If the couplings of S are such that m2S < 0 in
the infrared (we assume m2S > 0 at the string
scale) the shape of the potential is as depicted
in figure 2 (solid line labeled RAD). The poten-
tial tracks the running of m2S (dashed line) and
is stabilized when m2S turns positive at the scale
µRAD. The minimum of the potential occurs at
some intermediate scale mI <∼ µRAD ≫MZ .
mS
2
N
R
O
R
A
D
µRAD
Scale
V
(S
)
MStringMZ
Figure 2. Effective potential (solid lines) along the flat
direction: 1. (marked RAD) in the case of stabilization by
the running of m2
S
(dashed line) and 2. (marked NRO) in
the case of stabilization by non-renormalizable operators
below the scale µRAD .
If µRAD is very large, non-renormalizable op-
erators like
WNRO ∼ αK
(
S
M
)K
S3, (13)
which are generically present after integrating out
physics at the string scale (M ≃Mstring) cannot
be neglected in the determination of the mini-
mum. In (13), we write the NRO term, originally
given by powers of S1 and/or S2, projected along
the flat direction S. These terms contribute to
the potential a positive-definite term
δV (S) ∼
(
S2+K
MK
)2
, (14)
that lifts the flat direction and can stabilize the
potential below µRAD. The shape of the potential
6in this case is represented in figure 2 by the solid
line labeled NRO.
We can distiguish then two different classes of
models according to the mechanism for stabiliza-
tion of the potential:
• 1. Stabilization by pure running of m2S
(typical case for µRAD <∼ 10
12 GeV ). The
minimum is fixed at 〈S〉 ∼ µRAD.
• 2. Stabilization by NROs (typical case for
µRAD >∼ 10
12 GeV ). The minimum is fixed
at
〈S〉 ∼ µK ≡ (msoftMK) 1K+1 < µRAD. (15)
4.1. Radiative Breaking
Both scenarios, 1 and 2, are based on radiative
breaking of the U(1)′ symmetry along the flat di-
rection S. The precise condition that has to be
satisfied at the electroweak scale to ensure the
breaking (the m2S < 0 condition of the previous
subsection) is
m21
|Q1| +
m22
|Q2| < 0, (16)
where m21,m
2
2 are the (electroweak scale) soft
masses of S1 and S2 respectively. From Eq. (16)
we see that m21 < 0 and/or m
2
2 < 0 are required
[and a hierarchy in the charges can make (16)
easier to fulfill].
This breaking can be easily achieved when S1
(and/or S2) couples to exotics in a superpotential
term
W = hESiE1E2. (17)
In [3] different cases (with different quantum
numbers and multiplicities for the exotic fields
Ei) were studied. It was found that a correct
breaking can be obtained even in the case of uni-
versal soft masses at the string scale (provided
the multiplicity of the exotics is large enough).
By varying the parameters of the model the scale
µRAD can be moved in the wide range 10
5 GeV
to 1016 GeV .
4.2. Low-Energy Effective Theory
In both cases, 1 and 2, the U(1)′ breaking takes
place at an intermediate scale (e.g. 1012 GeV )
much larger than the electroweak scale. The Z ′
boson (and the exotics coupled to the flat direc-
tion) is thus very heavy (this can have interest-
ing effects for gauge coupling unification [26]).
The effective theory at the TeV scale is just the
MSSM, but with an extra chiral multiplet Sˆ, rem-
nant of U(1)′ breaking. However, the interactions
of Sˆ with MSSM fields are suppressed by powers
of the intermediate scale. Nevertheless, these sce-
narios are interesting because many parameters
of the MSSM can be determined by intermediate
scale physics.
For example, the mass spectrum of superpart-
ners is affected by the intermediate scale U(1)′
breaking. At the renormalizable level, the only
interaction between the MSSM fields and the in-
termediate scale fields arises from the U(1)′ D-
terms in the scalar potential. The resulting effect
after integrating out the fields which have heavy
intermediate scale masses [24] is a shift of the soft
masses of MSSM fields charged under the extra
U(1)′:
δm2i = −Qi
m21 −m22
Q1 −Q2 . (18)
4.3. The µ parameter
In these models, the µ parameter can be gen-
erated dynamically by the VEV of S through
non-renormalizable operators in the superpoten-
tial that couple the MSSM Higgs doublets to the
flat direction [15]:
W = hSH1 ·H2
(
S
M
)P
. (19)
From this term, the following effective µ param-
eter results
µeff = h
〈S〉P+1
MP
. (20)
Its order of magnitude in both scenarios, 1 and 2,
is:
• 1. Radiative Stabilization. In this case
〈S〉 ∼ µRAD. Depending on the value of
P in Eq. (20), the value of µRAD must be
tuned to give µeff ∼ msoft:
µRAD ∼ (msoftMP ) 1P+1 . (21)
7• 2. Stabilization by NROs. Eq. (21) is
exactly of the form expected for µK [see
Eq. (15)], the scale of the minimum in these
scenarios. In other words, for K in Eq. (13)
equal to P in Eq. (19), one gets automat-
ically µeff ∼ msoft. The same applies to
the B-term in the MSSM Higgs potential,
which can be generated by 〈S〉 in a similar
way.
4.4. Non-Renormalizable Operators
As we have seen, NROs play a crucial role in
these intermediate scale models. Interestingly,
NROs are calculable in a large class of string mod-
els [27,28]. Writing
W = αK
(
S
MPl
)K
≡
(
S
MK
)K
, (22)
the coefficient αK is basically given by a com-
plicated world-sheet integral and some Clebsch-
Gordan coefficients. Reabsorbing αK in the mass
MK , the general tendency is that MK increases
with K so that the weight of higher order terms
is further suppressed [27,28,3].
It is also important to determine which NROs
will be present, that is, what values of the powers
P (for the µ parameter) and K (to fix the mini-
mum) will be allowed. The values of these powers
are constrained by
• U(1)′ gauge invariance. For example, if
Q1 = 4/5 and Q2 = −1/5,
W ∼ (S1S42)n ∼ S5n, (23)
so that K = 5n.
• World-sheet selection rules, e.g. in free-
fermionic models, can forbid terms other-
wise consistent with all gauge symmetries
(see, for example, [28,29]). So, one should
keep in mind that not all the NROs sat-
isfying all gauge symmetry constraints will
be necessarily present in the superpotential.
This is a typical stringy feature which is in
contrast with the field theory lore.
4.5. Fermion Masses
The large value of string Yukawa couplings of-
fers a natural explanation for the large value of
the top mass [18]. The light fermions would have
no Yukawa couplings in the superpotential and
would therefore be massless, which is a good first
order approximation. Models with an intermedi-
ate scale provide a mechanism to give small non-
zero masses to these fermions using NROs like
Wui ∼ H2 ·QiU ci
(
S
M
)P ′ui
,
Wdi ∼ H1 ·QiDci
(
S
M
)P ′di
, (24)
Wei ∼ H1 · LiEci
(
S
M
)P ′ei
,
where i is a generation index and I use standard
notation for the MSSM chiral supermultiplets.
Small Yukawa couplings are generated after U(1)′
symmetry breaking:
Y ∼
( 〈S〉
M
)P ′
. (25)
Limiting the discussion to scenarios with NRO
stabilization, which give more definite predic-
tions, it was shown in [3] how the family pat-
tern of quark and lepton masses [30] can be qual-
itatively reproduced for particular choices of the
powers P ′ in Eq. (25) and K in Eq. (13). In
particular, as shown in Table 1, K = 5, 6 in com-
bination with P ′ = 1 for the second family and
P ′ = 2 for the first are satisfactorily close to the
observed pattern. The mass of the light fermions
of the third family do not fit quite as well and
call for some other mechanism. However, given
the roughness of the estimates and the simplic-
ity of the model, the overall pattern of masses is
quite encouraging.
There are also interesting implications for neu-
trino masses [31]. A very light (non-seesaw) dou-
blet neutrino Majorana mass is possible from the
superpotential
W ∼ H2 · Li
M
(
S
M
)P ′′LiLi
, (26)
8Table 1
Non-Renormalizable MSSM mass terms via 〈S〉. For msoft ∼ 100 GeV, M ∼ 3× 1017 GeV.
P or P ′ K = 2 K = 3 K = 4 K = 5 K = 6 K = 7(msoft
M
) 1
K+1 7× 10−6 1× 10−4 8× 10−4 3× 10−3 6× 10−3 1× 10−2
〈S〉 (GeV) 2× 1012 4× 1013 2× 1014 8× 1014 2× 1015 3× 1015
K − 1 1× 105 7× 103 1× 103 400 200 90
µeff
msoft
K 1 1 1 1 1 1
K + 1 7× 10−6 1× 10−4 8× 10−4 3× 10−3 6× 10−3 1× 10−2
0 1 1 1 1 1 1
1 7× 10−6 1× 10−4 8× 10−4 3× 10−3 6× 10−3 1× 10−2
2 5× 10−11 2× 10−8 6× 10−7 7× 10−6 4× 10−5 1× 10−4
mQ,L
〈Hi〉
3 3× 10−16 2× 10−12 5× 10−10 2× 10−8 2× 10−7 2× 10−6
4 2× 10−21 3× 10−16 4× 10−13 5× 10−11 1× 10−9 2× 10−8
5 2× 10−26 5× 10−20 3× 10−16 1× 10−13 9× 10−12 2× 10−10
but the generated mass is too small (< 10−4 eV )
to be relevant for dark matter or MSW conver-
sions in the Sun. If right-handed neutrino chiral
multiplets, νci , are introduced in the model, then
Majorana and Dirac neutrino mass terms can be
generated via
WD ∼ H2 · Liνci
(
S
M
)P ′
Liν
c
i
,
WM ∼ νci νci S
(
S
M
)P¯νc
i
νc
i
. (27)
The superpotential WD can yield Dirac neutrino
masses heavier than those coming from Eq. (26).
For example, taking K = 5 and P
′
Liνci
= 4 or
5 gives masses mLiνci = 0.9 eV or 10
−2 eV, re-
spectively, which are in the interesting range for
solar and atmospheric neutrinos, oscillation ex-
periments and dark matter.
The superpotential WM , on the other hand,
can give a Majorana mass to the singlet neutrinos
νci which can be very large or small, depending on
the sign of P¯νc
i
νc
i
− K. Combining the effects of
WM and WD, light neutrinos can be produced by
the standard seesaw mechanism, with mass
mlightseesaw ∼ m2Liνci /mνci νci
∼ msoft
(msoft
M
) 2P ′Liνci +K−P¯νci νci
K+1
. (28)
With the choice K = 5 and P ′Liνci
= P ′i = {2, 1}
for i = 1, 2, respectively and with either P ′L3νc3
=
1 or P ′L3νc = P
′
u3 = 0 (involving a renormaliz-
able Dirac neutrino term) the light eigenvalues
of the three generations fall into the hierarchy of
3× 10−5 eV, 1× 10−2 eV, and either 1× 10−2 eV
or 5 eV for P¯νc
i
νc
i
= P ′Liνci
+1. This range is again
of interest for laboratory and non-accelerator ex-
periments.
5. SUMMARY AND CONCLUSIONS
A large class of potentially realistic string mod-
els predict a gauge group of the observable sector
with additional abelian factors besides the stan-
dard group. In this talk I have discussed some
phenomenological and theoretical implications of
this type of models concentrating for simplicity in
the simplest case, with just one additional (non-
anomalous) U(1)′. This modest extension already
has a plethora of interesting consequences, some
of which I have described. The goal has been to
explore the generic features of these models rather
than to construct a realistic string model. In this
respect one can divide the scenarios in two dif-
ferent classes according to the scale at which the
U(1)′ symmetry gets broken.
Generically, U(1)′ breaking takes place below
the TeV scale much in the same way that elec-
troweak breaking occurs. Actually, when the two
MSSM Higgs doublets that break SU(2)L×U(1)Y
9are charged under U(1)′ (which is the case of in-
terest) the breaking of U(1)′ is linked to elec-
troweak breaking. To avoid fine-tuning the pa-
rameters of the model, the scale of U(1)′ break-
ing cannot be much larger than the Fermi scale.
Thus, the new Z ′ boson is expected to be on the
reach of the next generation of colliders. An ac-
ceptable symmetry breaking pattern requires the
presence of at least one standard model singlet
S charged under the U(1)′ and taking a VEV. If
the coupling SH1 ·H2 is present in the superpo-
tential, the µ parameter is generated dynamically
and with the correct order of magnitude.
In this setting, two main possibilities exist for a
phenomenologically viable scenario: a) symmetry
breaking driven by the trilinear soft term associ-
ated to SH1 ·H2 and b) radiative breaking with
a singlet VEV large compared to the electroweak
scale (by say, one order of magnitude). Both cases
can give an acceptably small Z − Z ′ mixing an-
gle and evade collider bounds on MZ′ . Case a)
corresponds to a relatively light Z ′ while case b)
gives a heavy Z ′. With minimal particle content
(no exotics), both scenarios can arise as the low
energy limit of a string model, if some degree of
non-universality in the soft masses is present at
the string scale. In the presence of exotics, the
large s scenario can be obtained even keeping uni-
versal boundary conditions. Besides solving the
µ problem, these scenarios have interesting impli-
cations for Higgs physics, the mass spectrum of
superpartners and dark matter, among others.
An exception to the generic case described
above can occur if the U(1)′ is broken along a flat
direction. Such flat directions exists if at least two
SM singlets have U(1)′ charges of opposite signs
(F -flatness is also required). In that case, the
field along the flat direction, S, can take a very
large VEV. This is what happens if the potential
V (S) gets destabilized at the origin by a negative
soft mass squared m2S for S in the infrared. Two
main classes of scenarios are possible depending
on the mechanism that stabilizes the potential at
large S and fixes the VEV [and thus the scale of
U(1)′ breaking]: in one, the potential is stabilized
by m2S running to positive values in the ultravio-
let; in the second, stabilization is due to nonrenor-
malizable operators. This latter case is more pre-
dictive as the scale involved is fixed mainly by the
(discrete) order of the NROs. In both cases the
low-energy effective theory is simply the MSSM
but many of its parameters are influenced by the
intermediate scale breaking of the U(1)′. There
are, for example, effects on the soft masses for
superpartners, which receive new U(1)′ contribu-
tions. In addition, NROs coupling MSSM fields to
the flat direction can offer an explanation for the
origin of the µ parameter, as well as for the hierar-
chy of the observed fermion masses (and there are
also interesting implications for neutrino masses).
In conclusion, it is worth pursuing the detailed
study of such extensions of the minimal super-
symmetric standard model. These simple mod-
els are not only well motivated from the string
perspective but have a remarkably large number
of potentially interesting implications, both phe-
nomenologically and theoretically.
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